Sound claws are essential for beef cattle, given the marked influence they have on functional longevity and subsequent performance. The aim of this study was to evaluate morphological and physiological claw characteristics of Bonsmara SA beef cattle in the major bioregions of South Africa. Normal claws of 89 Bonsmara stud animals were collected from three bioregions in which Bonsmara cattle are farmed, namely Mesic Highveld Grassland, Eastern Kalahari Bushveld and Central Bushveld bioregions. Most of these claws were from Bonsmara bulls that were slaughtered after completion of a standardized intensive feeding test and a few were from older cows. Lateral toe length (LL), medial toe length (ML), claw circumference, colour coding and tensile strength (TS) were determined on the fore and hind claws and mineral composition only on the fore claws. Multifactorial analysis of variance (ANOVA) models indicated that bioregion, moisture content, calcium (Ca), selenium (Se) and claw position (fore versus hind claws) had a significant effect (P <0.05) on TS. It is clear that environmental factors need to be considered in the evaluation of claw quality. This research serves as a benchmark for claw traits in the Bonsmara breed. Recording of claw and conformation traits is essential for genetic improvement.
Introduction
Cow-calf production systems are found primarily under extensive farming conditions in South Africa, while steers are finished in feedlots (Webb & Erasmus, 2013) . Most production systems use the Bonsmara SA, which is the most numerous breed. Production occurs in nine biomes and 35 bioregions with various types of vegetation (Mucina et al., 2006) . These biomes are characterized by different climatic conditions, soil types, vegetation and physical terrain. Bonsmara seed stock breeders are well represented throughout South Africa (Webb et al., 2017) , being most concentrated in Mesic Highveld Grassland, Eastern Kalahari Bushveld and Dry Highveld Grassland regions. Beef cattle are therefore exposed to a variety of environments and associated stressors throughout their productive life, which may affect their production efficiency and longevity. Quality claws are an attribute of cattle that affects the functional efficiency of the animal.
Claw quality has been studied mostly in dairy cattle under intensive production systems with the focus on claw health, lameness, and its effect on longevity (Haufe et al., 2012; Solano et al., 2016) . Claw quality is also an animal welfare issue in the production of all cattle under intensive conditions. Desirable claw quality has been defined as the normal growth of the claws to ensure adequate structural strength to carry the weight of an animal (Hepburn et al., 2007) , resistance to external damage, and absence of defects and lesions.
Morphological measurements and histological and physical characteristics have been reported as being potential indicators of claw quality (Hahn et al., 1984; Politiek et al., 1986) . The horn capsule of the claw consists of tubular, inter-tubular, and laminar horn cells (keratin), which determine the structural strength, biomechanical behaviour, and resistance of claws to external stressors (Franck et al., 2006) . Claw morphology is described by toe angle, dorsal border length, and heel height, heel angle and ground circumference (Politiek et al., 1986; Distl et al., 1990) . The size and shape of claws are important in absorbing the shock associated with locomotion and weight distribution (Phillips et al., 1996; Van der Tol et al., 2002; Bonser et al., 2003) . Several claw defects have been identified in dairy (Volkman & Kemper, 2018) and beef cattle (Vollmar, 2016) . The International Committee for Animal Recording (ICAR) atlas contains a number of common foot and claw disorders that can be used for identification (Egger-Danner et al., 2015) . Claw colour is under investigation for an association with claw quality, with most of the studies being done in equines (Douglas et al., 1996; Hepburn et al., 2007) and sheep (Scobie et al., 2017) .
The Bonsmara breed was developed through a well-documented scientific breeding programme, which included traits such as conformation, legs, and claws (Bonsma, 1980; Bergh et al., 2010) . Environmental factors that influence claw quality in cattle include the nutritional regime, production environment, and management practices. Research has indicated that several nutrients (minerals, vitamins, amino acids and fatty acids) play a role in the structural integrity of claws (Nocek et al., 2000; Tomlinson et al., 2004; Lean et al., 2013; Van Riet et al., 2013) . Most of these nutrients are involved in the keratinization process, which ensures normal claw growth and structural binding of keratin proteins (Lean et al., 2013) . A number of studies have compared flooring systems with regard to locomotion and claw traits in dairy and beef cattle under intensive production systems (Cozzi et al., 2013; Brscic et al., 2015; Earley et al., 2017) . Although claw defects do occur in beef cattle herds in extensive production systems, there is a dearth of information because claw traits are not recorded routinely, and limited hoof trimming is performed.
The underlying genetics of claw quality are complex. Genetic parameters have been reported for claw traits in dairy cattle based on data that has been recorded in conjunction with routine hoof trimming. Heritability estimates for dairy cattle have varied from 0.01 to 0.14 and 0.06 to from 0.39 when estimated with linear and threshold models, respectively (Heringstad et al., 2018) . Foot angle and claw set have also been studied with a scoring system in American Angus cattle, in which heritability estimates varied from 0.16 to 0.37 (Wang et al., 2017) . However, morphological and physiological characteristics of beef cattle claws have not been reported for beef cattle in South Africa. This presents challenges for genetic selection and improvement. The objective of this study was to evaluate morphological measurements and physiological parameters to set a benchmark for claw quality in beef cattle with special reference to Bonsmara cattle.
Materials and Methods
Ethical approval for sample collection was obtained from the Ethics Committee of the University of Pretoria (EC110620-044).
Bonsmara stud bulls were subjected to intensive growth tests, which includes visual inspection on functional traits at the end of the test period. Most of the claws that were collected for this study were from animals that had failed the growth test did not meet the standards for functional traits. Only claws without defects from bulls between the ages of 12 and 36 months and 20 older cows were included (Table 1) . A total of 178 lateral and 178 medial claws from 89 Bonsmara stud animals were collected from abattoirs in which animals originated from three bioregions in SA ( Figure 1 ). The Mesic Highveld Grassland (Gm) bioregion, Central Bushveld (SVcb) bioregion and Eastern Kalahari Bushveld (SVk) are representative of the primary bioregions in which Bonsmara cattle are farmed (Webb et al., 2017) . Front and hind foot (lateral and medial) claws were collected per animal, either right or left, cut at the knee and hock joints, respectively. The lateral and medial claws were removed from the leg at the pastern joint after collection using an Okto industrial meat bandsaw (Crown National, South Africa). Claws were wiped clean, placed in a plastic bag, labelled with the identification number of the animal, and stored at -20 °C at Hillcrest Experimental Farm of the University of Pretoria until further processing. Lateral and medial claws were studied as a unit (per hind or front limb) unless specified. Morphological measurements included toe length, circumference, colour and hardness of the claw. Claws were defrosted and LL and ML were measured with a measuring tape (Politiek et al., 1986) from the coronary band along the dorsal border to the toe of the claw (Figure 2 ). The circumferences of the lateral and medial claw were measured, and claws were photographed with a Canon IXY digital 910IS camera (Canon Inc., Tokyo, Japan) to describe colour variation.
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Length of claw as measured from periople to tip of the toe Rectangular samples (4.5 cm x 1 cm) were cut from the lateral claw wall using a Stryker 1100 oscillating saw (Stryker Corp., Michigan, USA) and a Dremel 3000 rotary multi-tool (Robert Bosch Tool Corp., Mount Prospect, Illinois, USA) for measuring tensile strength. All samples were vacuum sealed until analysis to prevent excessive moisture loss.
Tensile strength was measured in the Civil Engineering Laboratory of the Department of Civil Engineering, University of Pretoria, using a LRX Plus Series Lloyd instrument (Ametek Inc., Lloyd Materials Testing Ltd., West Sussex, UK) fitted with a 5 kN (kilonewton) standard load cell. Samples were collected from the claws at the location illustrated in Figure 3 . NEXYGENPlus 3 material testing and data analysis software (Lloyd Instruments Ltd., West Sussex, UK) was used. The length and the width of each sample were measured with a digital 150 mm Vernier calliper to determine the surface area. Samples were positioned between two clamps and pulled with a speed of 3 mm/min and a preload stress speed of 21 mm/min. The maximum load (N) of each sample was measured and used to determine the TS of each sample with the formula TS (MPa) = Force (N) / Surface area (mm 2 ). (AOAC, 2000) . For the mineral analyses, claws were defrosted and two round discs (3.2 cm in diameter) were drilled from the lateral claw wall using a Ryobi D-550 electrical drill (Ryobi Ltd., Techtronic Industries Co. Ltd., Hong Kong, China) fitted with a hole saw. The round discs were reduced in size and further milled with a swing saw (Department of Geology, University of Pretoria). The milling pot was cleaned between samples by milling quartz sand for two minutes and using an air pressure gun and ethanol to remove leftover sample and quartz sand before a new sample was milled.
Mineral analyses included Zinc (Zn), Calcium (Ca), Copper (Cu), Manganese (Mn), Phosporus (P), and Selenium (Se). The milled air-dried claw samples were digested according to the standard procedure as described by AOAC (2000) . The Zn and Cu concentrations of the digested sample solutions were determined on a GBC 905 atomic absorption spectrophotometer (GBC Scientific Equipment, Braeside, Australia) at a wavelength of 213.9 nm. The Ca concentration was determined by a Perkin Elmer 5100PC atomic absorption spectrophotometer (PerkinElmer, Waltham, USA) at a wavelength of 422.7 nm. Mn was analysed on a Varian Spectra AA 50 atomic absorption spectrophotometer (SpectraLab Scientific Inc., Palo Alto, USA) at a wavelength of 324.7 nm. One millitre of digested claw sample solution was diluted with 7 mL deionized water, followed by the addition of 2 mL Vanadate-Molybdate reagent. Phosphorus concentrations were measured with an Analytik Jena Spekol 1300 spectrophotometer (Analytik Jena, Germany) at a wavelength of 400 nm. Accuracies of mineral analyses were tested against five standard reference solutions. Selenium was measured according to an AOAC (2000) protocol using a Perkin-Elmer 2380 atomic absorption spectrophotometer (PerkinElmer, Waltham, USA) at an absorbency of 196 nm and lamp energy of 16 mA. Determination of the Se concentrations was done with reference to standard solutions of 2, 5, and 10 parts Se per mL.
The data were analysed using SAS (version 9.3, SAS Institute Inc., Cary, NC, USA). Data were tested for normality, and descriptive statistics were generated, followed by a principal component analysis (PCA) on the morphological claw variables (LL, ML, and circumference). The first principal component (PC1) explained 91.42% of the variation in LL, ML and circumference together. Thus, PC1 was used as a proxy for the three morphological measurements. For the front claws, the analysis of variance model included colour, bioregion, age-sex, moisture content, PC1, and Ca, P, Cu, Mn, Zn, Se as independent variables and TS was the dependent variable (Model A). All these main effects were included in the model simultaneously and potential interactions were ignored. In analysing the TS measurements from front and hind claws, the model included colour, bioregion, age-sex, moisture content, and PC1 with the addition of effects for front versus hind leg and the interaction of that effect with bioregion (Model B). Differences between means were assessed with Scheffe's multiple range tests at a significance level of P =0.05.
Results
A majority (47.2%) of the claws were classified as being dark in colour, with 19.1% classified as light and 33.7% classified as intermediate. The descriptive statistics for the physical (TS) and physiological Light Intermediate Dark (moisture content) traits and morphological measurements (LL, ML and circumference) are shown in Table 2 . In Table 3 the mineral composition of the claws is summarised. Model A was used to analyse the TS of front claws. The model explained 33% of the variation in TS, with the effects of bioregion, moisture content, and Ca and Se concentrations being significant (Table 4) . Model B was used to analyse the TS of both front and hind claws. The mineral concentrations were not included as independent variables because they were only measured for the front claws. The difference between feet from the front and hind legs and the interaction of this effect with bioregion were not significant.
Bioregion had a significant effect on TS (P <0.05), with the weaker claws being obtained from Gm compared with those from SVk and SVcb. Claws from SVk and SVcb were similar in TS (Table 5 ).
Discussion
Claw quality in cattle is an important trait for functional efficiency and productive herd life (Bonsma, 1980; Vollmar, 2016; Volkman & Kemper, 2018) . Bonsmara SA (2019) uses an inspection system as part of breed classification and registration, which includes assessment of the claws and recording claw defects Breeders may also regard colour as an important aspect that is associated with claw strength. In this study, three colour categories were identified. Bonsmara cattle breeders may prefer to select for darker claws. There is a perception that darker pigmented claws are stronger and less susceptible to claw lesions such as sole ulcers, dermatitis and heel erosion compared with lighter coloured claws (Hepburn et al., 2007) . A number of reports have suggested that darker claws in beef cattle are stronger (Dietz & Prietz, 1981; Petersen et al., 1982; Chesterton et al., 1989; Bosman & Scholtz, 2010) . However, a recent study by Scobie et al. (2017) found no differences in the mechanical properties of white, grey and black hooves of sheep. The results of the present study do not indicate significant differences in the TS of claws that are attributable to colour.
Various tests have been used to assess the biomechanical behaviour and structural strength of claws. These include TS tests (Franck et al., 2006) , hardness tests with durometers (Hepburn et al., 2007) , bending tests (Baillie et al., 2000) , fracture toughness (Bertram & Gosline, 1986) , and punch tests (Winkler & Margerison, 2012) . In the present study, TS was defined as the applied force that is necessary for sample breakage divided by the measured surface area of the sample (Franck et al., 2006) . The mean TS of the Bonsmara claw samples was 16.58 MPa, which is similar to the findings of Franck et al. (2006) on bovine claws. However, these authors tested only five samples and the sample details (age, sex, claw position) and types of bovine (dairy versus beef) were not reported. Similar tests of horse hooves resulted in measurements that were between 21.70 MPa and 35.32 MPa, depending on the season, year and feeding regime (Ley et al., 1998) . These measurements were generally greater compared with the values observed for Bonsmara claws. Within a species, differences between studies can be attributed to differences in sample preparation, size and testing time after collection, as well as differences in the methods (Douglas et al., 1996; Baillie & Fiford, 1996) . The bioregion and production environment had a highly significant effect on the TS of the claws. The mean annual temperatures in SVcb and SVk vary between 18.4 °C and 17.8 °C, respectively (Mucina et al., 2006) , The Gm bioregion is cooler, with an average mean annual temperature of 14.7 ° C (Mucina et al., 2006) . Colder temperatures cause the constriction of blood vessels (arterioles) and less blood and consequently less available oxygen and vital nutrients to the cells that are involved in the keratinization process of claw horn. This may explain why Bonsmara claws from the cooler Gm bioregion had less TS compared with those collected from the warmer bioregions of SVcb and SVk. Although not directly comparable with the cooler climatic regions in South Africa, Canadian studies have observed seasonal differences in claw quality attributable to temperature-associated changes in blood supply to the claws (Vermunt, 1990) . Variations in the differentiation and keratinization of the keratinocytes of the claws were observed in different seasons (MacCallum et al., 2002) , with an increase in the rate of proliferation and keratinization of claw horn cells in the summer months as opposed to winter (MacCallum et al., 2002; Van Amstel & Shearer, 2006) . MacCallum et al. (2002) observed that the claws of Holstein-Friesian heifers were harder in summer than in winter and that the hardness differed significantly between seasons.
In addition, the differences in the quality and quantity of grazing and supplementary feeding may contribute to the observed differences in claw TS. The Gm bioregion consists predominantly of Sourveld and mixed veld, while the SVcb and SVk bioregions consist primarily of mixed and Sweetveld (Smith, 2006) . Further, soil mineralization is known to differ between these regions (Webb et al., 2017) . However, these factors were not directly assessed in this study.
The Bonsmara claws that were tested in the present study were classified as normal and without phenotypic defects at inspection. The differences in claw TS that are associated with specific bioregions could give an indication of problems that may develop later because softer claws are less resistant to external stressors (Borderas et al., 2004) . The variation in TS that is associated with bioregions could also be attributed to the physical walking surface to which animals are exposed, since it influences surface pressure distribution on the claws. Differences could also be a reflection of adaptation to the terrain and types of surface. Informal observations suggest that cattle raised in the Gm bioregion and moved to Svk, which has a sandier terrain, often tend to exhibit more claw problems, such as corkscrew, scissors claw and overgrown claws. Observations from the present study suggested that natural wear and tear of claws tended to be less in sandy regions.
The mean moisture content of the claws ranged from 18.20% to 26.82% with an average of 22.64% after 24 hours of drying at 105 °C. These values are marginally less than other observations of claw moisture content, which ranged from 22.9% to 32.5% (Pflug et al., 1980) and from 27.46% to 29.05% (Winkler & Margerison, 2012) . Immediate determination of claw moisture content of the Bonsmara claw samples that were analysed in the present study was not always possible and this delay may explain the lower moisture content, even though samples were sealed in plastic bags to retain moisture. Others found that the moisture content of claw samples differed depending on the storage method and length of storage (Winkler & Margerison, 2012) , and the method of moisture determination (Reilly et al., 2002) .
Moisture content had a significantly negative association with TS (P <0.0001) in the present study, indicating that caws with a higher claw moisture content had a lower claw horn TS. This is in agreement with other studies that used mechanical techniques other than TS testing to investigate the association between moisture content and biomechanical behaviour, hardness and structural strength of claw horn (Borderas et al., 2004; Winkler & Margerison, 2012) . A significant negative exponential relationship between moisture content and the elastic modulus of the sole and white line claw material was observed by Winkler and Margerison (2012) and a negative linear decrease in the puncture resistance. Softer claws, because of higher moisture content, are more susceptible to wear and damage, and may predispose cattle to lameness (Borderas et al., 2004) .
Minerals play an important role in determining the structural strength of claws owing to their involvement in specific biochemical pathways that are associated with keratin synthesis (Tomlinson et al., 2004) . Among the minerals examined in this study, only the Ca concentration showed an influence (P <0.05) on claw TS. Even though Ca had a significant effect on TS, the parameter estimate was negative, indicating a negative relationship between TS and Ca, which is contrary to what was expected. Because Ca influences keratin cornification increased Ca was expected to be associated with stronger claws (Mulling et al., 1999) . Calcium also plays a role in keratin cornification through the activation of the enzyme epidermal transglutaminase. Baggot et al. (1988) found that higher Ca concentrations in the claws in dairy cows were associated with hardness. However, the usefulness of claw material as an accurate indicator of the mineral content of the claws remains uncertain (Greenough, 2007) . Kincaid (1999) stated that tissues such as hair, wool and hooves as indicators of the mineral status of animals may not be as accurate as blood or liver samples, since these tissue samples are more easily contaminated, their reaction to feed intake is much slower, and reference standards are deficient. The positive relationship of Se with TS tended toward significance (P <0.10). This was expected since Se plays a role in protecting the intercellular cement substance (ICS) from oxidative damage, thereby ensuring claw horn structure of good quality through the adequate binding of keratin proteins by the ICS (Tomlinson et al., 2004; Andrieu, 2008) . None of the other minerals had a significant effect on the TS, including Zn, which has been shown to play an important role in determining the structural strength of claws (Mülling et al., 1999) . The results of the mineral content of the claws in the current study were based on a small sample size and further investigation is required.
The front claws usually carry a greater load than the hind claws and the distribution of body weight is more equal and stable on the front claws compared with the hind claws (Toussaint-Raven, 1989) . Studies in dairy cattle indicate that front limbs are responsible for supporting between 54% and 60% of the total bodyweight (Pastell et al., 2008; Van Nuffel et al., 2015) . In this study, the limb position of the claws had a significant effect on the claw TS. The front claws had a greater TS compared with the hind claws. Although significant, the difference in TS between the front and hind claws (17.38 MPa and 15.78 MPa, respectively) was numerically small. Chmielnik et al. (1983) also observed that front claws were harder compared with the hind claws in Polish Lowland Black and White cattle. The difference in strength observed between front and hind claws can be explained by the differences in body weight distribution. In the Bonsmara SA, emphasis has been placed on increased growth and muscling in the hindquarters, which results in greater weight bearing on the hind legs and claws. Future research in Bonsmara cattle should assess the limb movement in association with claw quality and health measurements.
Conclusion
This study represents the first attempt to study morphological and physiological characteristics of claws in South African beef cattle and it provides reference data for further investigations on claw quality in Bonsmara cattle. No significant differences in the tensile strength of claws could be attributed to differences in colour. Bioregion and moisture were responsible for significant differences in tensile strength.
